Impregnation is a cost-effective and scalable method for the non-covalent addition of different compounds on the surface of suitable substrates. For supercapacitors, it provides an alternative strategy for attaining higher energy densities by combining high surface area carbon electrodes with surface species adding a pseudocapacitive contribution. In this work, we study the performance of activated carbon electrodes impregnated with para-benzoquinone (p-BQ). It is observed that immobilized p-BQ can improve by more than 100% the specific capacitance of the bare carbon, reaching nearly 350 F g −1 at 10 mV s −1
Introduction
The deployment of renewable energies as primary energy sources is highly dependent on the development of efficient energy storage devices with both high energy density and high power density, and electrochemical technologies are one of the most promising to achieve this goal.
In particular supercapacitors, also known as electric double layer capacitors (EDLCs), are energy storage devices which attract research and commercial interest for their high power densities and long cycling life when storing energy using electrostatic forces. The early commercialization of capacitors for memory back-up in consumer electronics and storage systems for micro solar power generators is expected to be broadened to high power/energy applications, such as hybrid and electric vehicles, power quality systems and smart grids, but higher energy densities are needed to achieve this goal. 1 As the charge storage mechanism in EDLCs is based on electrostatic charge separation within the electrical double layer, their capacitance is mainly governed by the surface area of the electrodes, and carbons are the most studied electrode materials due to their high surface area, suitable electrical conductivity, and low cost. 2 In order to increase the energy density of carbon-based supercapacitors several different strategies are currently pursued, such as the optimization of the porous structure of carbons, 35 electrochemical charge injection, 6 or the use of electrolytes with wider windows, 79 but one of the most active areas to achieve this goal is the combination of carbons with surfaces modified with materials having faradaic-type charge transfer, which include both organic and inorganic compounds. 10, 11 The use of quinone derivatives for the modification of carbon surface is based on several facts, such as their high redox reversibility, their well-known pseudocapacitive contribution when present as naturally occurring surface functionalities in certain carbons, 12 and the availability of suitable methods to covalently bond quinones to carbons such as diazonium chemistry.
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When using diazonium chemistry, in addition to the covalently bound species, it has already been pointed out the presence of loosely bound species which, in some cases, diminish the carbon surface coverage by covalently bound species. 19 As these physisorbed species were also likely to be electrochemically active, and as physisorption using impregnation was likely to be a promising alternative method for the addition of pseudocapacitive species to the surface of carbons, we recently reported the use of impregnation for the addition of 1,4,9,10-anthracenetetraone to different carbons, showing the attainment of capacitances which could be 50% higher than those of bare carbons. 20 In our previous report we showed the dependence of the quinone addition on the type of carbon used, but the method is also likely to depend on the particular quinone used. Thus, in the present work we have performed a study of the impregnation with p-BQ which comprises the quantification of the amount of quinone added, the modification of the carbon porous structure, and the study of the electrochemical performance. This study clearly shows the dependence of the impregnation method on the particular quinone used.
Experimental
p-BQ (p.a., >99.5%) was purchased from Sigma-Aldrich and used without further purification. Picactif BP 10 (PICA), hereby referred as "Pica", is a commercially available activated carbon with a specific surface area of 2386.27 m 2 g ¹1 which was used as received as well. Polyvinylidene fluoride (PVDF, MW µ 540,000, SigmaAldrich) was used as a binder and acetylene black (carbon black, acetylene, 100% compressed, >99.9%, Alfa Aesar) was added as a conductive agent for carbon paste preparation.
Carbon electrodes were prepared by mixing Pica (commercially available activated carbon) and acetylene black in a mortar by grinding with PVDF at 8:1:1 weight ratio and using N-methylpyrrolidinone (NMP, p.a., Acros) as dispersive solvent. The resulting slurry was coated on a stainless steel mesh (AISI 3024, 97% open, Goodfellow) and 1 cm diameter disk-shaped pieces were cut off and dried at 120°C for 45 h under vacuum. Electrode modification was the same one previously reported by us for impregnation with 1,4,9,10-anthracenetetraone (AT), 20 except that in the current work the soaking p-BQ solution was prepared in dimethylsulfoxide (DMSO) (>99.9%, Sigma-Aldrich) with a concentration of 1.5 M and dried under vacuum at 40°C for 34 h.
UV-vis characterization was performed in order to determine the amount of p-BQ adsorbed during each immersion time. Measurements were acquired in a Perkin Elmer Lambda 1050 spectrometer and, since the absorbance of initial solutions is decreased due to the decreased concentration of p-BQ after adsorption on electrodes, the amount of p-BQ adsorbed is calculated by applying the LambertBeer law to the decreased of p-BQ observed in soaking solutions after each immersion time.
Porous texture of the modified and unmodified electrodes was analyzed by N 2 adsorption at 77 K (Autosorb IQ2, Quantachrome Instruments). The analyses were performed using whole electrode paste material including binder and acetylene black. Before the measurements the sample was outgassed under vacuum at 120°C overnight. The specific surface area was calculated from the isotherm by applying the BET equation (S BET ). The micro-and meso-pore volume and the pore size distribution were obtained from N 2 adsorption isotherm by applying the QSDFT model.
Cyclic voltammetries (CV), and galvanostatic charge-discharge tests were performed using Biologic VMP3 multichannel potentiostat-galvanostat (Biologic, France). All electrochemical experiments for supercapacitor performance were performed in 0.5 M H 2 SO 4 (9597%, p.a., Scharlau) aqueous electrolyte prepared in Milli-Q water (Milli-Q system, Millipore).
CV experiments were run with a three electrode configuration (Ag/AgCl reference and a double-mass activated carbon counter electrode) at different scan rates. Symmetric cells were constructed by balanced weights and p-BQ doping ratios in a two electrode Swagelok μ cell configuration. Electrochemical performance of the cells was tested by galvanostatic charge-discharge experiments at different currents. In all cases the masses used for normalization of the results are referred to the mass of only the active material (Pica or Pica + pBQ, depending on the case).
Results and Discussion

Optimization of p-BQ loading
The electrodes can be loaded with p-BQ up to at least 55 wt% after 24 h, with an initial fast adsorption rate up to 3 h of soaking and a nearly linear adsorption behavior afterwards [ Fig. 1(a) ]. Thus the amount of p-BQ which can be adsorbed is much higher than in the case of 1,4,9,10-anthracenetetraone (AT). 20 After each immersion time, the specific capacitances of modified electrodes were measured and the optimal soaking time is determined to be 3 h [ Fig. 1(b) ], where a loading of 30 wt% of p-BQ is achieved. This is a much higher amount of adsorbed quinone than the one previously reached with AT, 20 possibly due to the lower size of p-BQ, which facilitated its penetration into micropores. At higher immersion times, although the amount of p-BQ adsorbed increases, the specific capacitance decreases due to loss processes which are typical of thick films of pseudocapacitive materials and which are related to the low electrical conductivity of pseudocapacitive materials. Taking into account these results, all the experiments below were performed with either pristine electrodes or electrodes modified after soaking with p-BQ for 3 h. Figure 2 (a) demonstrates the nitrogen adsorption isotherms of pristine and p-BQ grafted Pica carbon. Both curves are well correlated with both type I and type IV isotherms within the IUPAC classification of adsorption isotherms. 21 Substantial volume adsorbed at low pressures is a characteristic of extended microporous structure. 22 After modification, significant volume decrease was detected at low pressures. Pore size distribution graph [ Fig. 2(b) ] confirms the presence of micropores (<2 nm) and the contribution of a significant amount of mesopores (24 nm) to the total surface area as well. Additionally, both BET and DFT surface area decrease by 18.6% and by 23.6% respectively upon grafting, which are lower diminutions than in the case of AT, 20 due to the smaller molecular size of p-BQ compared to AT. The total and micropore area loss were calculated according to DFT model. Most of the total DFT area lost comes from micropores (Table 1 ) which, as is usually reported, are blocked by the added quinones, in this case p-BQ molecules.
Porous texture and pore size distribution of modified and unmodified electrodes
Electrochemical characterization 3.3.1 Capacitance relation with cycling rate
Cyclic voltammetries were performed at different scan rates by using 0.5 M H 2 SO 4 electrolytes. Figure 3(a) illustrates the scan rate dependence of the capacitance of pristine Pica electrodes while Fig. 3(b) shows the CVs at the same scan rates of p-BQ grafted Pica electrodes. As can be observed the CV shapes of pristine electrodes are not distorted and have rectangular shapes with variation of intensities versus scan rate typical of electrical double layer capacitors. The shape of CVs of modified electrodes have clear peaks due to the added redox reactions of p-BQ, and these peaks are clearly distorted at 50 mV s
¹1
. Nevertheless, CVs are less distorted than those of Pica carbon modified with AT at the same scan rate, 20 and although with p-BQ the decrease of the total capacitance is more Electrochemistry, 81(10), 853856 (2013) important than the pristine carbon at high scan rates due to the slower rate of redox pseudocapacitive reactions in the pseudocapacitive material compared to the electrostatic double layer mechanism of the pristine one [ Fig. 3(c) ], further indicating poorer kinetics for the p-BQ redox processes on Pica carbon substrate, specific capacitances after modification with p-BQ are higher and have better kinetics than those after modification with AT. 20 
Electrode cyclability
The cyclability of pristine and p-BQ loaded Pica electrodes was investigated by galvanostatic charge/discharge experiments at 2 A g ¹1 (Fig. 4) . Modified Pica electrode has a higher specific capacitance than the pristine electrode and loses 6.5%, of the initial capacitance after 5000 cycles at 2 A g ¹1 , which is a similar capacitance loss to the pristine electrode (6.1%). The fact that there is no significant additional capacitance loss in p-BQ modified Pica electrodes indicates very effective immobilization and excellent chemical stability of the redox system on this substrate.
Conclusion
Herein, impregnation method was used for grafting p-BQ on the surface of Pica activated carbon electrodes. The loading achieved can be 55 wt% or higher, but at those loadings the layer of p-BQ adsorbed results in a lower specific capacitance. The maximum capacitance, 350 F g ¹1 at 10 mV s ¹1 , was achieved for a load of 30 wt%, which is a significant increase of capacitance compared to unmodified carbon, especially taking into account that the loss of performance at high rates is low.
Extended charge/discharge cycling behavior shows a loss of 6.5% of total capacity for modified Pica after 5000 cycles at 2 A g ¹1 , which is similar to the one of unmodified carbon electrodes. Thus the results here reported show the possibility to greatly increase energy densities using simple and cost effective methods such as impregnation, thus opening a road for their further optimization. 
